Abstract An earthquake of M 6.1 occurred on 3 September 1998, along an active fault at the southwestern foot of Mt. Iwate, a volcano in northeastern Japan. Acceleration records of this earthquake were obtained at seven stations within 40 km of the epicenter. In order to investigate the source process of this earthquake in a broad frequency range, we simultaneously conducted inversion analyses of low-frequency seismic waveforms and high-frequency seismogram envelopes. First, executing the envelope inversion by using the envelope Green function derived from the radiativetransfer theory in the high-frequency band of 2-16 Hz, we estimated the spatial distribution of seismic-wave energy radiation on the fault plane of 10 km ‫ן‬ 10 km. We found that seismic-wave energy was strongly radiated from the southwestern deeper part of the fault plane. By using data from the same stations and using the same fault geometry as the high-frequency analysis, we applied a waveform-inversion method to three-component displacement records in the low-frequency band of 0.1-0.33 Hz. This result showed that seismic moment was mainly released at the shallow part of the fault. Comparing these results, we found that high-frequency energy was strongly radiated from the deepest periphery of the region, where seismic moment was mainly released. This result implies that the radiation of high-frequency energy was associated with the arrest of rupture for this earthquake.
Introduction
Mt. Iwate is a stratovolcano in northeastern Japan (solid triangle in Fig. 1 ). Since the end of 1997, the seismicity of small earthquakes had become active in the western edifice of Mt. Iwate (Tanaka et al., 1999) . Significant crustal movement was also detected by a dense global positioning system network , although an eruption has not yet taken place. Nishimura et al. (2001) located an inflation source at a depth of 7.9 km in the western part of Mt. Iwate as a cause of crustal deformation. On 3 September 1998, an earthquake of M 6.1 occurred on an active fault at the southwestern foot of Mt. Iwate. This earthquake was the largest one among those that occurred in the Mt. Iwate region since the beginning of activity at the end of 1997. The focal depth determined by several institutions ranged from 3 km to 7 km. This earthquake had a focal mechanism of a reversefault type. In the focal area, a rupture of about 800 m appeared on the ground surface in a nearly north-south direction. Nishimura et al. (2001) suggested that the occurrence of this earthquake was promoted by the inflation source, based on calculation of the Coulomb failure stress.
For the M 6.1 earthquake, we obtained broadband seismograms of high quality at seven nearby stations, where strong-motion seismometers had been deployed since June 1998. The epicentral distance ranged from 5 km to 40 km, and the maximum acceleration of 864 gal was recorded at the nearest station, GNB (see Fig. 1 ). This provided us with a good opportunity to investigate the source process in a broad frequency range. In this study, we simultaneously performed a waveform-inversion analysis in low frequencies and a seismogram-envelope-inversion analysis in high frequencies by using the same records.
Waveform-inversion methods have been successfully used to estimate the spatial distribution and temporal change of slip on earthquake fault planes since the early 1980s (e.g., Hartzell and Heaton, 1983) . As these inversion methods are applied to more earthquakes, the distribution of fault slip has been found to be spatially and temporally heterogeneous. Compiling slip distributions estimated for 15 crustal earthquakes, Sommerville et al. (1999) found that the wave number spectra of slip distribution obey the k ‫2מ‬ model (Herrero and Bernard, 1994) . However, the application of waveforminversion method is limited to frequencies lower than about 1 Hz because of scant knowledge on small-scale heterogeneities in the earth.
In the last decade, several inversion methods using seismogram envelopes have been developed and have made it possible to investigate source characteristics, even for frequencies higher than 1 Hz. Using ray-theoretical Green functions, Zeng et al. (1993) inverted the envelopes of displacement records for mapping the high-frequency-source radiation on a fault plane. Deconvolving squared-velocity seismogram envelopes by empirical Green functions, Gusev and Pavlov (1991) estimated a time history of energy radiation for a high-frequency centroid. Deconvolving squared envelopes of acceleration records by empirical Green functions, Cocco and Boatwright (1993) obtained a power-rate function for an event. used empirical Green functions and inverted root-mean-square envelopes of acceleration records for finding high-frequency wave-radiation areas on a fault plane. Recently, we also developed an envelope-inversion method using envelopes of energy density (Nakahara et al., 1998) , which is squared ground velocity multiplied by mass density of the earth medium. Modeling wave propagation in a heterogeneous medium by energy propagation in a scattering medium, we can calculate the theoretical envelope Green functions on the basis of the radiative-transfer theory. Envelope Green functions thus calculated are parameterized by scattering coefficient and intrinsic absorption, which are well known to strongly control high-frequency seismograms of local earthquakes (e.g., Zeng et al., 1991) . Theoretical calculation of the envelope Green function is indispensable if records of small earthquakes for the empirical Green functions are not available.
So far, complex relations between the location of highfrequency-energy radiation and that of low-frequency seismic-moment release have been reported; high-frequency waves and low-frequency waves are radiated from different parts of a fault for some earthquakes, but they are radiated from the same parts of a fault for other earthquakes. The cause of these complex relations is not yet clarified.
In the present study, we first performed a high-frequency envelope inversion of the M 6.1 earthquake to clarify the spatial distribution of energy radiation on the fault plane. To calculate accurate envelope Green functions, we estimated the parameters of scattering coefficient and intrinsic absorption in the study area. Then, we conducted a low-frequency waveform inversion to obtain the spatial distribution of seismic-moment release on the fault plane. Finally, we discuss the source process of this earthquake in a broad frequency range by comparing two kinds of inversion results.
High-Frequency-Seismogram Envelope Inversion Method
For the envelope inversion, we used the method developed by Nakahara et al. (1998) , the content of which is briefly described as follows. We imagine an infinite homogeneous medium with S-wave velocity of V, in which isotropic scatterers are distributed in a uniformly random manner. Only scattering from S wave to S wave is considered. Two parameters, the scattering coefficient and intrinsic absorption of S waves, characterize the medium. The scattering coefficient represents the scattering power per unit volume. We calculated the envelope Green function E G for a pointshear dislocation source in a scattering medium on the basis of radiative-transfer theory (Sato et al., 1997) . We assumed that the rupture propagates with a constant rupture velocity on the fault. At the k-th subfault, a point-shear dislocation source radiates seismic-wave energy of W k following a boxcar time function B(t) when the rupture front passes the center of the subfault. The duration time of the boxcar time function is assumed to be the same for all of the subfaults. Radiated energy is affected by the multiple scattering and intrinsic absorption in the course of propagation and reaches the i-th station, for which the site amplification factor is S i . By assuming that energy radiated from all of the subfaults is incoherent with respect to one another, the synthesized envelope at the i-th station and the j-th time C ij can be written as
Function F ijk is the convolution of the envelope Green function E G and the boxcar source function B(t). Because this envelope Green function is derived for an infinite homogeneous medium, two corrections are needed for practical analysis. First, amplitude is multiplied by ‫2ס(4‬ 2 ) as a correction for a free-surface amplification for energy density. Second, travel times and takeoff angles are corrected by using an appropriate horizontally layered velocity structure. We iteratively estimated the unknown values of W k and S i so as to minimize the residual between observed and synthesized envelopes in the following least-squares sense:
where O ij is the observed envelope at the i-th station and j-th time, which is calculated as the three-component sum of mean squared-velocity amplitude multiplied by mass density. We normalized both the observed envelopes and the synthetic ones by the observed maximum value at each station to set the weights of all of the stations equal. The rupture velocity and the duration time of the boxcar time function are estimated by grid search.
Scattering Coefficient and Intrinsic Absorption of S Waves
In the model described previously, the envelope Green function is characterized by two parameters: the scattering coefficient g 0 (km ‫1מ‬ ) and intrinsic absorption g i (km ‫1מ‬ ) of S waves. We need to estimate these two parameters in order to calculate the envelope Green function. The multiple lapse time window analysis (MLTWA) (e.g., Fehler et al., 1992; Hoshiba, 1993) is suitable for this purpose. The method we adopted is described in detail in Hoshiba (1993) and Nakahara et al. (1999) .
We applied the MLTWA method to 27 seismograms of small earthquakes recorded at GNB, which is the nearest station to the hypocenter of the M 6.1 earthquake. The magnitude of these events ranged from 1.5 to 3.0, and their epicenters are shown in Figure 2 . The MLTWA is performed in three octave-frequency bands of 2-4, 4-8, and 8-16 Hz. In this analysis, observed energy density is calculated as the sum of two horizontal-component squared-velocity amplitude multiplied by mass density of 2.5 ‫ן‬ 10 3 kg/m 3 . Synthesized energy density is calculated based on the multiple isotropic-scattering model for a isotropic-source radiation (Zeng et al., 1991) , since the focal mechanisms of these small earthquakes are not available. We assumed that the Swave velocity of the medium is 3.2 km/sec, which is the best value to explain the observed travel times. Fitting the synthesized spatio-temporal distribution of energy density to the observed one, we estimated g 0 and g i by grid search. Results obtained are listed in Table 1 . 
Envelope-Inversion Analysis
For the envelope inversion of high-frequency waves, we used strong-motion records at seven stations within epicentral distances of 40 km. Three-component acceleration records, sampled at a frequency of 100 Hz, were integrated to velocity records and bandpass-filtered in three octave-width frequency bands of 2-4, 4-8, and 8-16 Hz. We squared the bandpassed velocity records, took the sum of three components, and then smoothed them by taking a moving average in a time window of 1 sec. Multiplying them by mass density (2.5 ‫ן‬ 10 3 kg/m 3 ), we obtained seismogram envelopes having a dimension of energy density (J/m 3 ). Seismogram envelopes in the time window from the S-wave onset to the lapse time of 20 sec was used for the inversion analysis.
The envelope Green function is calculated by using parameters estimated in the previous section. Travel times and takeoff angles of S waves are corrected by using the horizontally layered structure listed in Tables 2 and 3 , which are based on the velocity structure used for the hypocenter determination of microearthquakes in the Mt. Iwate region by Tanaka et al. (1999) . In addition, station corrections of Swave travel times (Table 4) were used.
For the inversion analysis, we set a fault plane of 10 km ‫ן‬ 10 km dipping to the northwest (see Fig. 1 ) and divided it into 25 subfaults of 2 km ‫ן‬ 2 km square. The shallow side of the fault (AB in Fig. 1 ) reaches the ground surface. The geometry of the fault plane is assumed as strike ‫ס‬ 216Њ, dip ‫ס‬ 41Њ, and rake ‫ס‬ 131Њ, following the focal mechanism obtained from far-field body waves by the Earthquake Information Center, University of Tokyo (1998). The fault dimension was fixed by referring to the aftershock distribution by Umino et al. (1998) . We assumed that the focal depth was 3 km and that the focal mechanism was the same as described previously for all of the subfaults. Rupture velocity and duration time of the boxcar time function, both constant over all of the subfaults, were estimated by grid search.
We show residual maps in Figure 3 for the three octavewidth frequency bands. A solid star marks parameters for which the minimum residual was obtained. Residuals were normalized by the minimum one. Duration time was estimated at 1.24 sec, irrespective of the frequency band. Estimated rupture velocity was 70% of the S-wave velocity in all layers as listed in Table 2 for 2-4 and 4-8 Hz and 80% for 8-16 Hz. High resolution is not expected for rupture velocity, as can be seen from the shape of the contours, and we used the rupture velocity of 70% of the S-wave velocity for all of the frequency bands in the subsequent calculations.
In Figure 4 , we show the spatial distribution of seismicwave-energy radiation on the fault. The initial rupture point is denoted by a solid star. Seismic-wave energy was mainly radiated from the southwestern part of the fault. Summing up results in the three frequency bands, we found that the most energy was radiated from a subfault in the southwestern, deeper part of the fault plane. Total amount of seismicwave energy from all subfaults was 7.0 ‫ן‬ 10 12 J in the frequency range of 2-16 Hz, which corresponds to M S 5.4 from the energy-magnitude relation of Gutenberg and Richter (1956) . Figure 5 shows a comparison between observed (solid) and synthesized (broken) envelopes for the best-fit parameters in each frequency band. Synthesized envelopes fit well to the observed ones in all of the frequency bands. Site amplification factors obtained are shown in Figure 6 . These values are relative to those at station TAM, which was chosen for the firm foundation; a gravelly layer is embedded 2 m below the surface, and the S-wave velocity and N value were estimated to be more than 500 m/sec and 50, respectively, from the well-log data. The site amplification factor distributes between 1 and 5 for most of the stations. Frequency dependence is not strong for all of the stations.
Low-Frequency-Waveform Inversion
We estimated the spatial distribution of seismic-moment release on the fault plane by a waveform inversion. We used the same stations and the same fault geometry as in the highfrequency analysis in the previous section. This is an important point when comparing different kinds of inversion results. For the low-frequency inversion, we integrated the acceleration records twice to obtain displacement records, filtered them with the passband of 0.1-0.33 Hz, and resampled them at a frequency of 2 Hz. A window length of 20 sec including direct P and S waves was selected for the inversion analysis. In this analysis, we did not use the E-W component record at station GNB, since a change of the baseline in the acceleration record prevented us from correctly integrating acceleration to displacement. This baseline change was possibly caused by ground tilt due to the earthquake.
In order to calculate accurate synthetic waveforms, it is desirable to adopt a finer subfault. Using finer subfaults and a constraint on the spatial and temporal resolution, the distribution of seismic-moment release can be stably estimated by a waveform inversion (e.g., Yoshida et al., 1996) . Therefore, we divided the fault plane into 100 subfaults with a dimension of 1 km ‫ן‬ 1 km, which is smaller than that used in the high-frequency analysis. We used a multi-time-window linear-inversion method (Hartzell and Heaton, 1983) . A source-time function of each subfault is composed of three successive boxcar functions, each of which has a duration time of 1.5 sec. Rupture velocity was set at 70% of the Swave velocity, similar to the high-frequency analysis. Rake angle was fixed at 131Њ. Then, we estimated the amount of seismic-moment release for each subfault and each time window. The observation equation can be written as follows:
where d is a column vector composed of three-component displacement records at seven stations, m is a column vector whose elements are seismic-moment release for three time windows at all subfaults, and G is a matrix whose column is a convolution of the Green function and the unit-amplitude boxcar time function with a duration of one time window (1.5 sec). At the time of inversion, the spatial distribution and the temporal change of seismic-moment release are constrained to be smooth by matrices of S r and S t , which are the finite-difference approximations of the Laplacian operator (the second derivative) with respect to spatial coordinates and time, respectively. Factors of k r and k t are weights of the spatial and temporal smoothing constraints, respectively. Larger k r and k t favor a smoother distribution of seismic-moment release, and vice versa. Since we used frequencies lower than 0.33 Hz, we were not able to have enough spatial resolution smaller than about 10 km and not able to have enough temporal resolution shorter than 3 sec. Trying inversions with some combinations of k r and k t , we obtained a result that matched the aforementioned considerations for k r ‫ס‬ 100 and k t ‫ס‬ 50. We also used the constraint that the amount of moment release was not negative.
The Green function is calculated by the discrete-wavenumber method (Bouchon 1981) combined with the matrices of reflection and transmission (Kennet and Kerry, 1979) . Two horizontally layered velocity structures are assumed in this study, which are listed in Tables 2 and 3 . The first structure (Table 2) is for the nearer stations GNB, HHS, and MAT, and the other one (Table 3) is for the other stations. The velocities of the first structure model are slower than the other so that the observed travel times of seismic waves can be explained.
We show a source-time (moment-rate) function estimated for each subfault in Figure 7 . The ordinate scale of 10 16 Nm/sec and abscissa scale of 5 sec are shown as references. Slip direction is also shown by an arrow in the right side of the figure. A solid star shows the initial rupture point. The area of each source-time function (colored black) is equivalent to the seismic-moment release for each subfault. We found that moment release was large for the shallow to intermediate depths of the fault. The total moment release was estimated to be 3.9 ‫ן‬ 10 17 Nm, which corresponds to an average slip of 0.26 m, given the rigidity of 1.5 ‫ן‬ 10 10 N/m 2 and the fault area of 10 ‫ן‬ 10 km 2 . The moment release is comparable to the 6.5 ‫ן‬ 10 17 Nm value by the Harvard CMT solution. In Figure 8 , we compare observed (solid curves) and synthesized (broken curves) waveforms. Theoretical waveforms satisfactorily fit the observed ones for most of the stations.
In Figure 9a , we compare the distribution of seismicmoment release (arrows) and the epicenters of aftershocks (open circles; determined by the Research Center for Prediction of Earthquakes and Volcanic Eruptions, Tohoku University), which occurred within 1 day after the mainshock. An arrow shows the slip direction and the seismicmoment release from each subfault. We found that aftershocks occurred at the periphery of the region where seismic moment was largely released.
Discussion Fault Model
We investigated whether the fault model assumed in this study was appropriate or not. As shown in Figure 9a , the shallowest edge of our fault model does not coincide with the location where the surface break appeared (thick, solid line in Fig. 9a) . Recently, from observation by synthetic aperture radar interferometry, Fujiwara et al. (2000) found that the crustal deformation associated with the M 6.1 earthquake was mainly explained by two faults: a deeper, main fault with a dip angle of 40Њ and a shallower fault with a dip angle of 15Њ. The location of the shallower fault coincides with that of the surface break. Then, we tried a two-fault model that included another shallower subfault (shown as a gray rectangle in Fig. 9a ) in addition to our single-fault model. The length and width of the shallower fault were assumed to be 6 km and 4 km, respectively. The dip angle was assumed to be 15Њ (Fig. 9b) seismic-moment release was 10%. The spatial distribution of seismic-moment release on the deeper fault was similar to that of our single-fault model. Although the number of model parameters of the single-fault model and that of the two-fault model are 300 and 372, respectively, variance reduction of the two-fault model increased by only 5% from that of the single-fault model. Applying the two-fault model to high-frequency envelope-inversion analysis, we also found that an improvement of variance reduction was less than 1.1% for all frequency bands. Therefore, we think that our single-fault model is sufficient to explain the observed seismic waves at 0.1-0.33 Hz and the seismogram envelopes at 2-16 Hz, although this model cannot explain the location of the surface break.
Next, we discuss the size of the single-fault model. Although the amount of seismic-moment release was small at the edges of the fault, as shown in Figure 7 , relatively large amounts of high-frequency energy were radiated from the deepest edge and southwestern edge of the fault, as shown in Figure 4 . Then, we checked the effect of fault size on the results of the high-frequency analysis. We extended the area of the fault plane to 12 km ‫ן‬ 12 km by appending another row to the deepest edge and another column to the southwestern edge. The number of subfaults became 36 in this case. We performed a seismogram-envelope inversion and obtained the following results. We found that seismic-wave energy estimated at the appended subfaults was 1.6%, 9.7%, and 15.3% of the total energy in 2-4, 4-8, and 8-16-Hz bands, respectively. Although energy radiation from the appended subfaults increases in the higher-frequency bands, we confirmed that the location of the subfault with the strongest energy radiation remained unchanged.
Effect of Spatial Variation of Medium Parameters on Inversion Results
In the high-frequency analysis, we estimated the medium parameters of scattering coefficients and intrinsic absorption at station GNB and used the same parameters for all stations. However, it is possible that these parameters are different between nearer stations and farther stations. As discussed later, these parameters estimated at station GNB are larger than those at other regions in Japan by about a factor of 5 or more. That is partly because station GNB is located in a volcanic region. Then, we conducted an inversion analysis with different medium parameters between the nearvolcano stations GNB, HHS, and MAT and the other more distant stations. Parameters of the scattering coefficient and intrinsic absorption at farther stations were assumed to be one-fifth of those at nearer stations. We found that the difference in intrinsic absorption decreased the amount of total energy radiation but hardly changed the spatial distribution of energy radiation on the fault plane. However, a difference in scattering coefficients changed the spatial distribution of energy radiation and increased the contribution from shallower part of the fault. Although the location of the subfault with the maximum energy radiation remained unchanged for 4-8 Hz and 8-16 Hz, it moved to the shallowest subfault for 2-4 Hz. However, the energy radiation from deeper subfaults is larger than that from shallower subfaults, even at 2-4 Hz. Therefore, the spatial variation in scattering parameters does not affect the result that high-frequency energy is strongly radiated from the deeper part of the fault. A decrease in scattering coefficients produces a better fit between the observed and theoretical envelopes, especially for station OHS.
Rupture Times in Low-Frequency Analysis and High-Frequency Analysis
In this study, we assumed that rupture velocity was 70% of the S-wave velocity in the high-frequency analysis. How- ever, a variation of rupture times is allowed in the lowfrequency analysis by introducing multiple time windows. As shown in Figure 7 , seismic-moment release started from the second time window at some subfaults. This means that rupture time was delayed at those subfaults. Then, we tried a high-frequency inversion analysis by using rupture times estimated from the low-frequency analysis instead of a uniform rupture velocity. Because a subfault used in the highfrequency analysis is composed of four subfaults in the lowfrequency analysis, we used the average rupture time of four subfaults as the rupture time of one subfault in the highfrequency analysis. After these trials, the spatial distribution of energy radiation on the fault was found to change: a large amount of energy was radiated from the second-shallowest subfaults at the southwestern part in all frequencies. However, we also found that the fit between observed and theoretical envelopes became worse by comparison with the result with uniform rupture velocity. Variance reduction decreased by 3%, 8%, and 5% in 2-4-, 4-8-, and 8-16-Hz ranges, respectively. Then we suspected that high-frequency envelopes are better explained by a model with uniform rupture velocity. This implies that rupture times are not necessarily the same between low and high frequencies. However, it should also be noted that the resolution of rupture times in low-frequency analysis is as low as 1.5 sec. Therefore, we need to improve the resolution of rupture times in the low-frequency analysis to refer definitely to the problem whether rupture times seen in low frequencies are different from those in high frequencies or not.
Relation between the Location of High-FrequencyEnergy Radiation and that of Low-Frequency Seismic-Moment Release
We showed that high-frequency seismic-wave energy was radiated from the deeper part of the fault plane (Fig. 4) from the high-frequency envelope inversion. On the other hand, seismic moment was mainly released at the shallower part of the fault, as revealed from the low-frequency-waveform inversion (Fig. 7) . In Figure 10a and 10b, we compare the results of high-and low-frequency analyses. We found that high-frequency seismic-wave energy was strongly radiated from the deepest periphery of the region where seismic moment was largely released.
So far, there have been some studies on the relation between the location of high-frequency-energy radiation and that of low-frequency seismic-moment release. Complementary relations between them are clearly found for some earthquakes: the 1989 Loma Prieta earthquake (Zeng et al., 1993) , the 1993 Kushiro-Oki, Japan, earthquake , and the 1994 far-off Sanriku, Japan, earthquake (Nakahara et al., 1998) . However, the relative relations are not so simple for some earthquakes: the 1995 Hyogo-Ken Nanbu, Japan, earthquake Nakahara et al., 1999) and the 1994 Northridge earthquake (Hartzell et al., 1996) .
Here, we have discussed such complex relations between the location of high-frequency-energy radiation and that of low-frequency moment release. So far, some complex fault-rupture models have been proposed (e.g., Papageorgiou and Aki, 1983; Koyama, 1985) . In these models, many small-scale asperities or patches are randomly distributed throughout the fault plane. Their breakage contributes to the generation of incoherent high-frequency seismic waves. On the other hand, low-frequency waves are radiated by the smooth and coherent rupture of the entire fault. The relative weight of coherent rupture and incoherent rupture would be a key to understanding the complex relations between the location of high-frequency-energy radiation and that of lowfrequency seismic-moment release. If coherent rupture dominates, the rupture propagates smoothly and stops at the edge of the fault. For example, Madariaga (1976) investigated the dynamic-rupture process of a circular crack. He showed that the amount of slip (moment release) is large at the center of the fault and that high-frequency seismic waves are strongly radiated from the edge of the fault. This is an example of a complementary relation between the location of highfrequency-energy radiation and that of low-frequency seismic-moment release. On the other hand, if the contribution of incoherent rupture is large, we expect that highfrequency waves would be strongly radiated from throughout the fault due to the breakage of small asperities or patches, whereas the slip would be large at the center of the fault due to coherent rupture. This is an explanation for the coincidence between the location of high-frequency-energy radiation and that of low-frequency seismic-moment release.
The relation between the location of high-frequency-energy radiation and that of low-frequency seismic-moment release could be understood by the relative weight of coherent rup-ture and incoherent rupture, which may be controlled by the heterogenous distribution of stress and/or strength on the earthquake fault.
Frequency Gap between Two InversionAnalysis Methods
In this study, we referred to our analysis as broadband analysis. The envelope-inversion analysis covers frequencies higher than 2 Hz, and the waveform-inversion analysis covers lower frequencies of 0.1-0.33 Hz. However, there exists a frequency gap between 0.33 and 2 Hz in this study.
With regard to the envelope-inversion analysis, we assume that high-frequency seismic-wave energy radiated from adjacent subfaults is incoherent with respect to each other. This assumption will be justified by considering the propagation process in a heterogeneous earth medium. When an impulsive wave is radiated from a source, the wave loses coherence with increasing travel distance in a heterogeneous medium. For example, Hough et al. (1996) showed that the spatial coherence of ground motions between two stations disappears for frequencies higher than about 2 Hz when the stations are separated by more than 3 km. Considering the reciprocity with respect to station and source, we may say that energy from adjacent subfaults with a separation of more than about 3 km is incoherent with respect to each other for frequencies higher than about 2 Hz. In this study, we set 2 Hz as a lower frequency limit for applying the envelope-inversion analysis. Due to the assumption of incoherence, we will not be able to lower this frequency limit below 2 Hz so long as the size of a subfault is set at a few kilometers.
In the waveform-inversion analysis, when we extended the frequency band from 0.1-0.33 Hz to 0.1-0.5 Hz, the variance reduction for the 0.1-0.5-Hz band decreased by 10% in comparison with that for the 0.1-0.33-Hz band. This suggests that horizontally layered structures are not enough to calculate accurate Green functions up to 0.5 Hz in this region. If we can use empirical Green functions in ideal circumstances, we can overcome the problem of the frequency gap (e.g., Ide, 1999) . However, we cannot always find reasonable empirical Green functions that have the same locations and focal mechanisms as a large earthquake. Also, we cannot directly estimate physical parameters in an absolute sense because those estimated by using empirical Green functions are relative. Therefore, we still need to calculate Green functions theoretically. In order to make the frequency gap of 0.33-2 Hz narrower by using theoretical Green functions, we should increase the high-frequency limit for applying a waveform-inversion analysis. For this purpose, it would be necessary to calculate a more realistic Green function of waveforms by including surface topographies and three-dimensional velocity structures.
Scattering Coefficient and Intrinsic Absorption
In this study, we estimated two parameters, scattering coefficient and intrinsic absorption, as listed in Table 1 . Scattering coefficient g 0 gets smaller as frequency increases. However, intrinsic absorption g i does not show a strong frequency dependence. We compiled the results of the MLTWA around the world in Figure 11 : central California and Long Valley, California (Mayeda et al., 1992) ; KUMAM2, MATSU2, and YONAG2 in Japan (Hoshiba, 1993) ; western Anatolia (Akinci et al., 1995) ; and Kobe in Japan (Nakahara et al., 1999) . Scattering coefficients shown in Figure 11a generally decrease with increasing frequency. Intrinsic absorption values shown in Figure 11b are almost constant within the frequency range of 1-20 Hz. Their frequency dependence looks similar for all of the regions investigated.
However, the value for scattering coefficient and intrinsic absorption for this study area is larger than those in other areas. Two explanations are possible for these large values. First, the shallow part of a volcanic area, which was analyzed in this study, may be more heterogeneous than regions an- alyzed in other studies. Indeed, Yamanaka and Kikuchi (1999) found a region of strong attenuation (total Q value of 15-30 for S waves around 4 Hz) along a path that crosses the summit of Mt. Iwate by the twofold spectral-ratio method. Second, the events used in this study have hypocentral distances of less than 25 km, although the other studies usually used events with hypocentral distance of up to 80 km or so. This may imply the depth dependence of scattering coefficient and intrinsic absorption.
Conclusions
We simultaneously conducted a high-frequency (2-16 Hz) seismogram-envelope inversion and a low-frequency (0.1-0.33 Hz) waveform inversion for clarifying the broadband source process of the M 6.1 earthquake in Iwate Prefecture, Japan. High-frequency seismic-wave energy was strongly radiated from the southwestern deeper part of the fault. On the other hand, seismic moment was mainly released at the shallower part of the fault. Comparing the results of high-and low-frequency analyses, we found that high-frequency energy was strongly radiated from the deepest periphery of the region, where seismic moment was mainly released. This result implies that radiation of highfrequency energy was associated with the arrest of rupture for this earthquake.
